Abstract Recent progress has led to conductance confinement at the interface of complex oxide heterostructures, thereby providing new opportunities to explore nano-electronic as well as nano-ionic devices. In this paper we describe how interfacial contiguity between materials can trigger redox reactions inducing metallic conductivity along the interface of SrTiO 3 -based heterostructures and create new types of 2 Dimension Electron Gases (2DEG) at the hetero-interface with electron mobility enhancements of more than one order of magnitude higher than those of hitherto investigated perovskite-type interfaces. Furthermore, our recent results, examining strain effects at interfaces, demonstrate the potential of achieving hetero-epitaxial thin films with superior ionic or electronic properties. We also present a novel concept that uncovers a wide variety of possible technological opportunities for materials design utilizing ionic conducting multilayered heterostructures. These findings hold the potential to pave the way for novel and/or superior all-oxide electronic and ionic devices.
From bulk to interfaces
Surfaces and interfaces have in the recent decades played an important role highlighting the physics and chemistry of condensed matter. A solid interface is defined as an atomic layer that separates two solids when brought into close contact with each other. Some of the most important properties in today's advanced materials stem from the functionality of such interfaces. These interfaces exhibit properties that are far from the pristine materials and they can be seen as building blocks that enable the creation of materials without similar bulk analogues. A highly promising class of such materials, proving increasingly interesting, is complex oxides [1] [2] [3] [4] [5] [6] . The interest in complex oxides derives from their unique interactions between spin, lattice, charge, and orbital degrees of freedom, leading to a variety of novel phenomena observed in these compounds. During the last 20 years, oxides have been a subject of intense research as this class of materials exhibits an exceptionally broad range of remarkable properties. Chemically, oxides range from being extremely inert to very reactive, leading to application in as different areas as selfhealing corrosion protection layers [7] on the one hand to chemically active catalysts, on the other hand [8] . Electronically, oxides span the full spectrum composed of insulators with wide band-gaps [9] , large dielectric constants [10] , high temperature superconductors [11] , metallic conductors [12] , ionic conductors [13] and semiconductors [14] . Ferroelectricity [15] , piezoelectricity [16] , flexoelectricity [17] and spin polarized electron transport [18] have likewise been reported in oxides. A vast variety of magnetic properties are also observed including ferromagnetism exhibiting high saturation magnetism [19] , tunable transition temperatures between different magnetic phases [20] , colossal magnetoresistance [21] and magnetostriction [22] .
The architecture of oxide thin films can formally be divided into two classes: single film oxide material and heterostructures, containing one or several types of oxides. While the former has been thoroughly investigated for a broad range of oxide thin films, much research has yet to be performed on the latter systems in order to unravel the wide range of possibilities and functionality behind oxide heterostructures. Particularly challenging in doing so is the fact that the properties of the oxides often are critically dependent on the structure, microstructure, stoichiometry, dopant and defect concentrations, that requires that both heterostructure and substrate are of superior quality. The development in substrate growth and deposition methods within the last 20 years has enabled the fabrication of oxide heterostructures with a quality reaching the high levels obtainable with current traditional semiconductor technology. Since oxide multilayers are far more difficult to grow than conventional semiconductor heterostructures, the development of oxide electronics has been hindered for many years. Intensive efforts over the past two decades to improve the condition and the growth quality of oxide crystals have led to significant progress in the growth of oxide multilayers. Key steps in this direction were the ability to achieve well-defined surface atomic layer control at oxide substrates, advances in pulsed-laser deposition (PLD) and the development of tools to control the growth of oxide layers on an atomic scale [23] . In summary, oxide material interfaces display an astonishing variety of electronic and ionic phenomena, a subset of which will be discussed in this review. The review is divided into two main parts. First, we detail the electronic behaviour of oxide heterostructures, followed by a description of the latest trend and findings for oxygen ionic conduction in complex oxide heterostructures.
Electronic complex oxide heterostructures
When H. Kroemer (Nobel Prize in 2000) coined the phrase Bthe interface is the device^, he was referring to the working principle of semiconductor transistors that have transformed everyday life [24] . Twelve years later an editorial in Nature Materials with the title BThe interface is still the device^ [25] drew attention to the fact that we are on the threshold of a similar breakthrough, this time arising from interfaces and heterostructures of oxide-based materials. The interest in these interface transition-metal oxides has motivated a considerable amount of research in the epitaxial growth of oxide heterojunctions and artificial layered oxides. The electronic properties of transition-metal oxides are determined by strong correlations that involve hybridized oxygen p and transition-metal d orbitals. Transition metals are strongly correlated-electron systems that are highly sensitive to the orbitals at the Fermi energy and thereby exceptionally sensitive to exterior influence such as doping and strain. The interfaces in such types of materials can therefore lead to new physics and the development of electronic devices with properties well beyond those that we experience today. Oxide heterostructures can lead to structures with a variety of extraordinary properties, including those exhibiting superconductivity [26, 27] , thermoelectricity [28] and ferromagnetism [29] . One of the cardinal questions is whether conducting oxide interfaces could become the cornerstone of oxide electronics? That is very difficult question and not straightforward to answer. The reason is that these oxide interfaces are currently characterized by higher carrier densities and much shorter electron mean free paths than conventional semiconductor interfaces. These represent current limiting factors in using these materials in electronic devices. One can strive to emulate the achievements of semiconductor materials researchers who have, over the past few decades, learned how to engineer the electronic properties of epitaxially grown semiconductor materials by exploiting lattice-matching strains and doping modulation. Owing to the greater sensitivity of their electronic properties and because of the wider range of phenomena that can be observed in these interfaces, the implications for basic physics and technological application using oxide heterostructures are likely to be enormous.
In 2004, at Bell Laboratories, a surprising metallic state was found at exist at the interface between the large band gap insulator LaAlO 3 (LAO), epitaxially grown on an insulating SrTiO 3 (STO) substrate (see Fig. 1 ) [30] . This initiated a large research activity, with many other heterostructures having been found to exhibit interfacial 2-dimensional electron gas (2DEG) behaviour with intriguing properties since then such as superconductivity [27] , ferromagnetism [29] , fieldinduced metal-insulator transition [31] , and optical sensitivity [32] . The mechanism underlying 2DEG at the interface between two insulating oxides of LAO and STO still remains unclear and under debate. Although, several arguments have been shown to favour the Bpolar catastrophe model^ [33] , the mechanism is not yet settled. This is perhaps because it is very much dependent on the materials system and fabrication conditions. The reason for the creation of complex oxide 2DEGs can be largely divided into three groups (see also Fig. 2 ):
(1) Electronic reconstruction ( Fig. 2(a) ) resulting from the polar discontinuity at a polar − nonpolar oxide interface. Such interfacial polar discontinuity requires the presence of a polar oxide, which consists of alternating positively and negatively charged sublayers, epitaxially grown on nonpolar SrTiO 3 , such as LaAlO 3 /SrTiO 3 (LAO/STO) [33] ; (2) Creation of oxygen vacancies at the bare STO surface, or in STO-based heterostructures having interfacial redox reactions, such as vacuum cleaved STO or the system of amorphous-LaAlO 3 /SrTiO 3 (a-LAO/STO) [34] (Fig. 2(b) ); (3) 2DEG by delta doping of STO, typically sandwiching a Nb-or La-doped STO thin layer between two non-doped STO layers [35] (see also Fig. 2(c) ).
Among these, the polarity issue, particularly in the LAO/STO system, has drawn the most attention due to the possibility of intrinsic doping of STO by electronic reconstruction without the typical disorder caused by chemical doping (Fig. 2(a) ). Recently, it was shown that growth dynamic of the films can be separated from the defect thermodynamics by post annealing of the sample. This way leads to another tuning variable of the electronic properties of the LAO/STO interface [36] .
As silicon is the basis of conventional electronics, STO is the foundation of oxide electronics. The results of recent years indicate that the surface of STO is where the future action takes place if silicon is to be replaced by oxide electronics. STO bulk properties have been studied for several decades in great detail [37] . However, until recently, studies on complex oxide heterostructures focused primarily on the electrical and magnetic properties of the conducting interface, avoiding the detailed influence of the STO substrate. The required electroneutrality balanced for all the charged defect in STO can be written as [38] :
Where n and p are the electron and hole concentration respectively, ] are the extrinsic ionized donors and acceptors. For more information on the defect chemistry of STO the readers are refer to ref. [39] . Undoped STO at room temperature is a typical wide bandgap semiconductor, with an indirect bandgap of 3.2 eVand high dielectric constant (~370-18,000 for 296-1.4 K) [40] . Upon cooling, STO undergoes a second order structural phase transition at 105 K [41] . On approaching the lower temperature of 37 K, STO exhibits abnormalities in thermal conductivity, dielectricity, and ultrasonic attenuation, all of which are attributed to a transition to a quantum paraelectric state [42] .
Motivated by the simple question of Bwhy does every 2DEG discovered today involve an STO substrate?^, we have recently found that chemical redox reactions at oxide interfaces can provide an alternative approach to the ones already suggested in the literature e.g. defect creation at the STO substrate surface due to the high energy of the impinging plasma species [43, 44] and/or Ar + irradiation-induced conductivity in STO [45] to understand the creation of a 2DEG [34] . This can alter the wideband stoichiometric STO insulator into semiconducting, metallic, superconducting, or even magnetic states, depending on the concentration of oxygen vacancies. Therefore, confining and controlling oxygen vacancies at the oxide interface are challenging issues. Recently it was pointed out that cation vacancies and in particularly incorporation of strontium vacancies in the near-surface region upon high-pressure annealing, should Fig. 1 The figure to the left is the electronic structure of the STO and LAO. To the right, transparent STO substrate deposited on the top with LAO using Pulsed Laser Deposition also be considered as a source of defect which can limit the electron mobility [46, 47] . Our most recent results show that it is possible to realize such a confinement of oxygen vacancies in the proximity of the interface by growing an epitaxially ultrathin 2 nm insulating γ-Al 2 O 3 film on STO. Remarkably, this new 2DEG shows record high electron mobility greater than 140,000 cm 2 V −1 s −1 at 2 K [48] , which is 100 times larger than those obtained by other groups. These findings represent a significant step towards high-mobility oxide 2DEGs and necessarily force the oxide community to reconsider the mechanisms of complex oxide 2DEGs. By offering tremendous flexibility, such interfaces create emerging possibilities in designing new electronic systems. The design of high mobility samples, achieved recently, offers a unique opportunity to expand our understanding of the mechanism(s) that define why certain samples are Bhigh mobililty^and others are not. We have recently shown that it is possible to enhance the interfacial mobility via the following approaches:
1. Redox reactions [34] . Chemical redox reactions at the oxide interface provide means for inducing conduction at the interface. Regardless of the interface polarity, when depositing certain insulating oxides with higher oxygen affinity than STO on the STO single crystalline substrate, the top layer can absorb oxygen from STO. Such an interfacial chemical redox reaction results in a metallic interface between an amorphous LAO (a-LAO) film and its crystalline STO substrate, a-LAO/STO, the properties of which turn out to be quite similar to those of its allcrystalline counterpart. In these samples we have observed that carrier Bfreeze-out^at about 105 K, associated with a relative low mobility of~1000 cm 2 /Vs at 2 K, as also observed in all-crystalline LAO/STO. At 105 K the carrier density undergoes a sharp decrease (known as carrier Bfreeze-out^) often associated with the cubic-tetragonal structural transition of STO. The band diagram of the STO/a-LAO system is given in Fig. 3(a) . 2. Interface confined redox reactions [48] . The formation of oxygen vacancies results from the outward diffusion of oxygen ions from the STO lattice towards the interface due to the exposure of the STO surface to the reactive LAO plasma species with higher chemical reactivity. This leads to exponential decay distribution of oxygen vacancies from the STO surface towards the bulk of the sample which is still detectable at a distance of 3-4 nm away from the interface as detected by the XPS experiments [34] . High quality epitaxial oxide heterostructures are normally formed at high temperatures, such as at 873 K. At such high temperatures, oxygen diffuses over many micrometers within minutes given STO's mixed ionic-electronic conducting character at elevated temperatures. This would completely level out any nanometer-scale steps in the will lead to an increasing electrostatic energy of the electrons (−eV) when the thickness of LaAlO 3 is increased. The increase is a consequence of the internal electric field (E) coming from the excess charge (ρ) in each LaAlO 3 layer. To alleviate the electrostatic potential, electrons are internally transferred from the top LaAlO 3 layer to the interface titanium atoms whereby they are reduced to Ti 3+ . This internal electron transfer then forms the interfacial electron gas. (b) Oxygen vacancies are considered as a possible mechanism for the formation of the electron gas. In the ionic SrTiO 3 lattice, oxygen is negatively charged. This excess charge is donated to the 3d-states of titanium when oxygen vacancies are created by removing neutral oxygen. (c) Lanthanum incorporation is considered a possible source of the electron gas. The presence of lanthanum incorporated into the SrTiO 3 near the interface will lead to an electronic doping from the 5d electrons of lanthanum to the interfacial titanium atoms. Lanthanum can either be implanted into the substrate by plasma bombardment or inter-diffuse once present at the substrate surface oxygen concentration profiles within the STO-based heterostructures. Spatially confined redox reactions at the oxide interfaces thus turn out to be a central means for realizing high mobility 2DEGs. Recently, we realized such interface confined oxygen vacancies at an epitaxial spinelperovskite interface between γ-Al 2 O 3 (GAO) and STO. Previous works on defect-chemistry of STO showed that a positive space charge core exists at the grain boundary, and is indicated the accumulation of electrons in proximity of the grain boundaries [49, 50] . This suggest that the oxygen vacancies and the 2DEGs are stabilized at the interface by the formation of a space charge region near the heterointerface, as observed for the GAO/STO [48] . In such scenario the oxygen vacancies, which are positively charged, are enriched at the space charge core, while electrons are located in a separate space charge layer parallel to the surface. This is similar to the situation of the modulation doping observed in semiconductor 2DEGs. The confinement of the oxygen vacancies at interface is much more narrow than in the case of a-LAO/STO and is limited to a distance of 0.9 nm as detected by the XPS and confirmed by angle depended SdH measurements [48] . Remarkably, this new type of oxide 2DEG shows a new electron mobility record of greater than 140,000 cm 2 /Vs at 2 K, 100 times higher than that typically obtained in perovskite-type oxide interfaces studied to date. In these interfaces, we have observed no carrier Bfreeze-out^with the carrier density remaining constant down to 2 K. 3. Strain induced polarization [51] . A way to tailor the properties of the interface is to control the strain at the interfaces. This has been shown recently by choosing different lattice constant single-crystal substrates to produce LAO STO interfaces with controlled levels of biaxial epitaxial strain [52] . More recently, we discovered a 2DEG at the nonpolar CaZrO 3 /STO (CZO/STO) perovskite-type interface with a high electron mobility exceeding 60,000 cm 2 /Vs at 2 K. The 2DEG sheet carrier density exhibits a critical thickness of t c = 6 u.c. (~2.4 nm) for the occurrence of interface conduction; slightly higher than that of the LAO/STO interface (t c ≈ 1.6 nm). The CZO can be regards as a combination of Ca , similar to the case of nonpolar (001) STO. The lattice mismatch between the CZO and the STO is +2.67 %, comparable to the mismatch of −2.79 % in the LAO/STO system, where the positive and negative values indicate a compressive and tensile strain in the epitaxial film, respectively. Such strain induced polarization, originates from a lattice distortion [53] . It was observed that both Ca 2+ and Zr 4+ cations move toward the interface in the first 7 uc of the CZO layers. This lattice displacement implies a polarization pointing toward the interface due to the strain. The band diagram of the CZO/STO system is given in Fig. 3(b) . These observations suggest that the polarization induced electronic reconstruction dominates the interface conduction. However, in distinct contrast to the LAO/STO system, where the carrier density normally exhibits a carrier freezing out behaviour at T = 105 K, the CZO/STO system exhibits an almost constant carrier density as a function of temperature, similar to the high mobility GAO/STO interface. 4. Modulation doping [54] . We have recently inserted a single unit cell-insulating layer of polar La 1-x Sr x MnO 3 (x = 0, 1/8, and 1/3) at the interface between disordered LaAlO 3 and crystalline STO created at room temperature. We found that the electron mobility of the interfacial 2DEG exceeds 70,000 cm 2 /Vs at 2 K. The LSMO buffer layer results in modulation doping in buffered a-LAO/ STO and a milestone for future oxide electronics (will be discussed in more detailed below). For these interfaces we have observed no carrier freeze-out and this is also associated with high mobility samples. The band diagram of the buffered a-LAO/STO system is shown in Fig. 3 (c).
Interfacial properties of the 2DEG system
The study of oxide 2DEGs is still at a very early age. The key question to be answered is if we will be able to achieve outstanding success for oxide interfaces similar to what we have experienced for the conventional Si-based analogues? High-mobility, two-dimensional electron systems are readily produced using Bconventional^semiconductor heterostructures, and have led to fundamental breakthroughs in the study of quantum effects. Oxide systems are likewise interesting in that they hold the promise of novel phenomena due to the unique nature of the electronic states involved. Recently, it was shown that monolithicallyintegrated logic circuits utilizing the two-dimensional electron gas could be fabricated [55] . This represents a milestone in the future use of these materials. To date, some the most interesting and intensely examined phenomena observed at these interfaces include: (1) Modulation doping -achieving thereby high mobility samples, (2) the field effect, with its ability to switch resistance using externally applied electric fields, (3) Magnetism and (4) quantum effects in the transport coefficients.
Modulation-doping The low-temperature electron mobility is a direct estimate of the mean free time and is commonly regarded as the 'figure of merit' for the characterization of 2DEG. It is easily determined by measuring the conductivity and carrier density. The most important feature of a 2DEG is its high electron mobility, which is achieved using the socalled modulation-doping technique, which spatially separates the positively charged donor ions from their negatively charged electrons. Owing to the separation, electrons remain free and highly mobile. The spatial separation of the 2DEG from the donor impurity atoms is further increased by the introduction of a spacer layer. The usage of the so-called modulation-doping technique has significantly increased the carrier mobility of 2DEGs in semiconductor heterostructures [56] . This led not only to the realization of high-electron-mobility field effect transistors (FET), but also to the discovery of the fractional quantum Hall effect in 2DEG samples of unprecedented structural perfection. Measurements indeed indicated that often there is a difference of nearly an order of magnitude between transport scattering times, expressed as a mobility, measured via either the Hall mobility (classical scattering time) or from the de Haas-Shubnikov oscillation envelope (quantum scattering time). The SdH scattering time is fundamentally different from the one measured from classical transport measurements. The scattering-time parameter in the SdH measurements is a measure of the small-and large-angle scattering events and is counted in the dephasing of the cyclotron orbits while the classical scattering time is mainly affected by ionizedimpurities, interfaces-roughness and alloy disordered. We have recently inserted a single unit cell-insulating layer of polar La 1- x Sr x MnO 3 (x = 0, 1/8, and 1/3) at the interface between disordered LAO and crystalline STO (see Fig. 4 ) created at room temperature [54] . We found the electron mobility of the interfacial 2DEG to be enhanced by more than two orders of magnitude as compared to the interface without a buffer layer. During the formation of 2DEG, electrons which originate from positively ionized donors on the disordered LAO side, are firstly transferred to the spacer layer before filling the electronic shell of the Ti ions on the STO side. The spacer layer act exactly as introduced in the modulation doped semiconductor heterostructures, namely spatially separating the 2DEG electrons (on the STO side) from the ionized donors (on the a-LAO side). Our modulation-doped layer not only significantly suppresses the oxygen vacancies on the STO side but also results in modulation doping in buffered a-LAO/STO, which remains underexploited at complex oxide interfaces. Since most complex oxide 2DEGs maintain a similar electronic structure, the charge transfer induced modulation doping developed is expected to be a universal phenomenon.
Resistance switching A particular interesting feature observed for crystalline-LAO/STO is the possibility of performing resistance switching upon application of an external electric field, which has led to the creation of numerous nano-electronic devices. At a LAO thickness of about 3 u.c., the interfacial conductivity shows insulating behaviour. Applying an external electric field will result, however, in a change in the interfacial conductivity analogous to the normal gated field effect transistor arrangement. It was demonstrated that resistance switching is realizable in LAO/STO heterostructures, by applying the electric field in two general geometries: using a sample-wide back-gate [33] or using a conducting AFM (cAFM) tip [57] . For both geometries, the resistance switching is shown to be possible for heterostructures with 3 u.C. LAO, whereas 2 or 4 u.c. shows little or no switching [31, 57] . [40] conductive layer. The change in resistance shows a pronounced memory effect upon removal of the electric field with a remarkably high retention time. However, there is still no consensus on the mechanisms that play roles in this metalinsulator-transition. Interestingly, there also seems to be experimental evidence pointing to the presence of water in the atmosphere as playing a role in the ability to induce resistance switching by cAFM [58] . Indeed, the interface loses its ability to induce conductivity with cAFM in dry air or under a vacuum of 2.4 × 10 −5 mbar, whereas introduction of ambient air results in successful resistance switching. This is suggested to be caused by water dissociating into the OH − and H + on the surface of LAO. The concentrations of these charged species can then be modulated by the biased cAFM tip, thereby leading to charge carriers at the interface. Strikingly, this is in contrast to the back-gate induced resistance switching, where no effect of vacuum is observed [33] .
As for the switching with the back-gate, it seems, however, that by simple electrostatic energy considerations it is unlikely that any direct structural changes can be feasible by applying an external field using a back-gate relatively far from the interface. It is therefore an open question whether the origin in the case of backgate induced resistance switching is purely electronic or not. As for the mechanism that exists in the cAFM experiments, it is initially proposed that the resistance switching is a result of the charged tip repelling oxygen ions, thereby creating a path of oxygen vacancies at the surface, where the tip has been scanning [57] . This locally elevated vacancy concentration is thought to result in local doping of the interface. Upon assuming that the vacancies are little mobile by themselves at room temperature, this structural modulation is thereby consistent with the very long decay time to the insulating state. Recently, we have discovered non-volatile, bipolar resistive switching in the oxide heterostructure composed of a STO single crystal on which a thin film of a-LAO is deposited [59] . The change in the sheet resistance exceeds 3 orders of magnitude at room temperature and is accompanied with a large modulation of the charge carrier density. The microscopic origin of the change in the resistivity is discussed and explained by either electro-migration of oxygen vacancies or the presence of charge trapping states [59, 60] . Furthermore, we have also recently been able to control the carrier density by illumination via the photoconductivity effect, in addition to the back-gate [32] . We found that light illumination decreases, rather than increases, the carrier density of the gas when the interface is negatively gated through the STO layer, and the density drop can be 20 times as large as that caused by the conventional capacitive effect. These findings open the possibility of employing these effects to modulate carriers at the interface.
Magnetism What is the source of magnetism in these samples and how to control them? Despite many experimental and theoretical efforts, our understanding of the origin of magnetism still limited. Several scenarios have been recently proposed and summarised in [61] , most of which related to the localized or itinerant d xy electrons which mediate a ferromagnetic interaction. Magnetisation at the interface was detected by various experimental observation, e.g. using X-ray magnetic circular dichroism and X-ray absorption spectroscopy [62] , torque magnetometery [63] , magnetic dipol observed with scanning SQUID [64] , anomalous Hall effect [65] and room temperature ferromagnetism measured with magnetic force microscope (MFM) [66] . It is well know from previous work that variation of oxygen content can modify the properties of SrTiO 3 not only from an n-type conductor (at low oxygen partial pressure) to ptype (at high pressure) [67] but also e.g. to be in a superconducting state or even exhibit magnetism. This may suggest that superconductivity originate from the same electrons responsible for ferromagnetism [68] . Therefore, understanding of the role of oxygen vacancies in these interfaces is essential to clarify the origin of the ferromagnetism in the interface based SrTiO 3 . The magnetism, is a result of the spin splitting of the populated electronic states induced by O-vacancies [69] . More specifically, the two valence electrons which are released by the formation of each oxygen vacancy occupy mostly the 3d orbital of the Ti atoms next to the vacancy, and become fully spin-polarized due to intra-atomic exchange interaction, thus giving rise to ferromagnetic order. Although, we come long way in understanding the local magnetic structure, the exact source of magnetism is still under investigation and requires further investigations. Quantum hall effect Controlling electronic confinement in the solid state is increasingly challenging as the dimensionality and size scale are reduced. This can lead to new physics in oxide mesoscopic devices. Beyond the Quantum Hall Effect (QHE), many unexpected results are expected in these complex mesoscopic oxide devices, fabrication of which has become recently possible, with the typical size in the range of 100 nm. Recent technical advances in the atomic-scale growth of oxide thin films have resulted in the creation of highmobility 2DEG at heterointerfaces based on either ZnO [70] or STO [48, 51, 54] . Remarkably, the mobility enhancement made in polar MgZnO/ZnO heterostructures has for the first time led to the observation of both integer and fractional quantum Hall effect in all-oxide devices [71] . The conducting states of ZnO-based heterostructures are, however, similar to the conventional semiconductor heterostructures, derived from sp. hybrid orbitals with a largely covalent nature. In contrast, the interface conduction in STO-based heterostructures originates from slightly overlapping Ti 3d-orbitals [61] , where the resulting ionic bonds lead to a strong coupling between the lattice, charge and spin degrees of freedom. Figure 6 shows a schematic illustration of the conduction edges at the interface, i.e. the electrical current is carried by electrons with their orbit center close to the edge known as Bskipping orbitals^. We recently observed the Quantum Hall Effect (QHE) at a modulation-doped oxide interface where the observed quantization is consistent with an interface system comprised of multiple sub-bands in a single quantum well [72] . Multiple quantum wells have already been predicted theoretically for the crystalline LAO/STO interface [73] . However, so far they have not been experimentally verified. Is the appearance of multiple subband in a quantum wells universal for all STO based heterostructures? Our understanding of the origin of the charge and its confinement will deepen our understanding of the nature of the conducting interface and the enhancement of the mobility and will open the door for new and unseen quantum phenomena in these samples.
Outlook
One of the long-standing questions is how the transport properties at interfaces are related to the structural transition that STO undergoes, i.e. from cubic to tetragonal at around 105 K. For LAO/STO, it was previously found that the current flows in conductive narrow pathways oriented along the crystallographic axes, embedded in a less conductive background [74, 75] . The configuration of these paths change on thermal cycling above the STO cubic-to-tetragonal structural transition temperature, implying that the local conductivity is strongly modified by the STO tetragonal domain structure. However, is this behaviour true only for this system or it is universal to all STO based hetrostructures? What is the role of the top layer on the transition? Can we control the domain-structure and how it influences the carrier density or/and mobility? A large carrier Bfreeze-outt owards low temperatures was previously observed in the cases of LaAlO 3 /STO [76] , LaTiO 3 /STO [77] , LaGaO 3 /STO [78] and CaHfO 3 /STO [43] which is also associated with a low mobility of approximately 1000 cm 2 /Vs at 2 K. Unlike to what is observed in these samples, LAO/STO with capping layer of SrCuO 2 [79] shows no Bfreeze-out^with high mobility of approximately 50,000 cm 2 /Vs at 2 K. In our recent observation of the high mobile samples, GAO/STO [48] , CaZrO 3 /STO [51] and the buffered a-LAO/STO [54] , the carrier density remains constant at all temperatures measured, implying the absence of carrier Bfreeze-out^and showing high carrier mobility 60,000-140,000 cm 2 /Vs at 2 K. Is this something related intrinsically to the STO or/and does it relate to the Bcleanliness^of the interface? Is this somehow related to magnetism? The full understanding of such properties remains to be established.
Interface effects in oxygen ionic conductors and complex heterostructures 3.1 Background
Ionic conductors are an important class of materials that finds applications in several key-technologies, e.g. for energy conversion and storage. Among the various ionic conductors, the oxygen ion conductors, i.e. metal oxides (MeOs) which are conductors of oxygen ion vacancies, such as ZrO 2 , CeO 2 , Bi 2 O 3 , and the mixed ionic-electronic conductors such as SrTiO 3 , (La,Sr)MnO 3 , and (La,Sr)(Co,Fe)O 3 are basic components of state of the art energy and environmental applications such as in solid oxide fuel cells, oxygen gas separation membranes, catalysts and sensors [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] . Such materials have also been recently proposed for novel applications with high technological impact such as solid state memory devices [91, 92] .
Ionic conductors are an important class of materials that finds applications in several key-technologies, e.g. for energy conversion and storage. Among the various ionic conductors, [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] . Such materials have also been recently proposed for novel applications with high technological impact such as solid state memory devices [91, 92] .
In ionic MeO conductors, the charges are structural, with electronic defects often highly localized within the ionic lattice. Oxygen vacancies and the corresponding electronic defects (electrons and holes) Bintrinsically^form upon heating as natural effect of the thermal energy and the chemical equilibrium between the solid and the surrounding environment. A typical example is the reduction reaction in metal oxides (MeO), written in Kröger-Vink notation, as:
where structural oxygen (O o ) is lost as gas (O 2 ) to the atmosphere leaving behind double positive charged oxygen vacancies (V
••
O ) and electrons (Me´) at the cation sites. Defects can also form Bextrinsically^by, e.g., doping the material with aliovalent cations. In this case, large numbers of oxygen defects can be introduced using acceptor dopants (e.g. A´acceptor with net negative charge) that substitute for the host cations (Me). This leads to oxygen vacancy formation which is describe in the following way:
) reduces the number of oxygen defects and increases the population of electrons in the structure. Mixed ionic and electronic conductors (MIECs) arise in ionic materials by the simultaneous formation of oxygen and electronic defects that are reflected in valence changes in the neighbouring cations in the lattice. When electrons (or holes) are placed in the solid, they interact with the surroundings ions and this interaction causes a readjustment of their position to accommodate the charges. This adjustment leads to local polarization cantered around the charge carrier. The charge carrier and the associated polarization are known as polarons. BLarge^and Bsmall^polarons are defined by the polarization field which is either larger or smaller than the atomic spacing in the materials. In ionic compounds, the generated defects are in electrically balanced with the lattice, which is neutrally charged, while the electrical conductivity occurs by formation and transport of the charged defects [60] . Defect formation in a given material is controlled by the relevant thermodynamic parameters in that material, e.g. Schottky or Frenkel formation energy for intrinsic ionic disorder, band gap energy for intrinsic electronic disorder and reduction enthalpy for oxygen vacancy formation. These reactions are described by appropriate mass action relations, which together with the charge neutrality equation, can be used to solve for the defect concentrations [81, 82] .
As for the mobility of the charged carriers, due to the ionic bonding of these materials, the charges are generally electrostatically bound to the lattice and a certain thermal energy (typically between 0.3-2 eV) is required to activate their migration. In a simplified model often used to describe charge migration in ionics, electrically charged species such as oxygen defects and/or polarons Bjump^by thermally activated hopping mechanisms from one position to another equivalent site in the lattice. This occurs under the driving force of applied electrical and/or electrochemical fields [93] .
Ionic MeOs interfaces and factors influencing electrical properties
Interfaces in MeOs can play an important role in the electrical transport properties. Since defects are responsible for the electrical properties of MeOs, the presence of two dimensional hetero-phase interfaces and/or other forms of lattice discontinuities such as linear dislocation, large point defect associates, etc., introduce Bperturbations^in the ionic lattice and can greatly affect the charge transport mechanisms [94] . Interfaces in oxygen ionic oxide are more defective and thus more Bunbalanced^than the bulk [95] . For some non-oxygen ionic conductors such as interstitial metal cations conductors, interfaces trigger charge transport phenomena as a result of both extensive defect formation and fast charge mobility that occur at lower energy migration paths than for the bulk lattice [83] [84] [85] [95] [96] [97] . In the case of oxygen ionic conductors, however, conduction mechanisms at the interfaces are complicated due to the Bstructural^nature of the oxygen vacancies. These structural deficiencies create segregation to these sites and impose local Bextrinsic^conditions to the conduction mechanisms. In the case of solid-gas interfaces (not treated here), for example, it is demonstrated that structural strain, high vacancies concentration and elemental segregation greatly affect the catalytic performance of the materials by changing gas sorption-desorption and surface diffusion mechanisms [98] [99] [100] . Similarly, solid-solid interfaces can present a wide range of features and properties which can be beneficial for applications utilizing thin film-based ionic devices [101] [102] [103] .
There are two main factors by which the solid-solid MeOs interfaces are influenced:
1. The formation of the so-called Space Charge Layer (SCL), which is a region of continuum electric charge occurring in dielectrics, where the mobile charge carrier diffuse away by the influence of an electric field leaving a depletion region of, for example, ionized species such as oxygen vacancies. Such depletion is electrostatically balanced by accumulation of opposite sign carriers; 2. The presence of Lattice Strain, induced by strain at slightly or largely mismatched interface between two adjacent materials.
The degree of disorder at the interface usually plays an important role in determining which of these factors is dominant because it directly controls the configuration of the defects at the interface, e.g., at the simplest level of analysis, the higher is the disorder the higher is the concentration of the segregated defects.
Different types of microstructures are schematically summarized in Fig. 7 . Particularly, Fig. 7(a, b) show highly defective and disordered interfaces, typically controlled by SCL effects of naturally formed interfaces in polycrystalline bulk materials [83] . Figure 7 (c) shows a schematic representation of an Bordered^interface with strained lattice commonly formed by epitaxial thin films growth. In this latter case, the degree of disorder depends on the crystalline mismatch between the pristine components. Figure 7(d) shows the case of semi-coherent interfaces, where the structural order of the epitaxial film is locally perturbed by disordered lattice, e.g. by the presence of dislocation of defect association. In such semicoherent conditions, strained and relaxed lattice as well as disorder and order structures coexist. The semi-coherent case is generally in thin films with columnar morphology, heterostructures with different constituents [83] or gradient compositional features [104] . In these interfaces the combination of different factors, i.e. SCL and Strain Lattice, can potentially occur and influence the overall electrical properties.
SCL in disordered MeOs interfaces
The degree of disorder is the result of the fabrication methods and thermodynamic processes which lead to specific morphological features at the interface. Formation of disordered MeOs interfaces is a natural process in polycrystalline ( Fig. 7(a) ) and composites ( Fig. 7(b) ) as well as in polycrystalline thin films (e.g. as in Fig. 7(d) ). Evidences of interface effects in ionic conductor were firstly observed in polycrystalline materials, where the ionic transport is affected by the presence of the grain boundary, i.e. disordered interface between the grains [94, [106] [107] [108] [109] [110] . For ionic conductors, these cases have been exhaustively formalized in the so-called Bbrick model^and Bspace-charge layer^model [94, [105] [106] [107] [108] [109] [110] .
According to the brick-layer model, ionic transport across interfaces is dominant in large grain polycrystalline systems typically above 100 nm [83] [84] [85] [95] [96] [97] . However, while across the interface disorder between two crystalline domains usually causes blocking effects, resulting in a decrease in the overall ionic conductivity, along the interfaces enhanced ionic conduction can be observed in ionics [94] . Conductivity along interfaces becomes dominant in the so-called Bnanoionics^mate-rials, where grains are typically below 20-30 nm and the grain boundary interface is a continuum, percolating throughout the entire volume of the material [83] [84] [85] [95] [96] [97] . The interfaces can thus seem to introduce fast ionic conductivity with several orders of magnitude higher than in the bulk, typically 2-3, which can persists at low temperatures [95, 96, 110] . Such high mobile ionic species at the interfaces were early observed in some nano-crystalline cation ion conductors, i.e. αAgI, Ag −/Li-based oxides, β-Al 2 O 3 and sulphide glasses. [96, 110] . Particularly, these have interstitial charges carrier (e.g. Frenkel defects) which in the nano-sized domain show, at the disordered interfaces, low energy migration paths between sites with similar energies. Therefore, high level of ionic conductivity in these materials is attributed to a notable reduction in defect formation energy and the fast migration mechanisms [110] .
For MeOs oxygen ion conductors, several studies on nanocrystalline systems report that disorder at the interface can lead to enhanced total conductivity. However, this is mainly related to the chemical and defective nature of the interface at the grain boundary [95, 111, 112] . Particularly, disordered grain boundary can undergo simultaneous charge accumulation, depletion or inversion due to the spontaneous effect of oxygen defect formation and lattice cations trapping (e.g. impurities segregation) [95] . As result, the interface leads to a Bdiscontinuity^in the concentrations of the oxygen defects which are segregated and thus frozen at the interface, i.e. known as Bcore^, with respect of the bulk lattice. This is compensate electrostatically by creating defects of opposite sign (Bcharging effect^) at the regions adjacent to the interface in order to screen the positive charges, i.e. the near-interface region [88] . This pervades the dielectric, especially affecting the ordered regions adjacent to the core, i.e. the space charge layer (SCL). The SCL model is comparable to the case of Schottky-barrier model used for semiconductors and liquid electrolytes and it is thus valid for ordered MeO interfaces, hetero-material interfaces, e.g. in composite materials, and for any interface which presents a localized and constant concentration of one-sign-charges [114] [115] [116] . Figure 8 illustrates schematically the SCL model as previously proposed for oxygen ion metal oxides [95, 113, 117] ; opposite charge profiles occur to balance the core disorder (blue area in Fig. 8 ). Oxygen vacancies are the dominant species at the core (i.e. positive charged) while negatively charge defects, i.e. polarons, e´, acceptor dopants or impurities, are distributed away from the SCL core (red area in Fig. 8 ) [95, 113] .
As net effect of the SCL formation is that the overall conductivity of the interfacial region increases due to the accumulation of charges and the decrease of the activation energy for charge migration mechanisms [113] . Such SCL effects result in an additional interfacial electronic conductivity which increase the total conductivity (ionic + electronic) of a several orders of magnitude. SCL effects were observed in nanometric polycrystalline metals oxides with grain size below a critical value, the Debye length (e.g. << 20 nm), such as ZrO 2 , Y-doped ZrO 2 , CeO 2 and doped ceria, [83, 95, 110] , SrTiO 3 [117] , Fe-doped SrTiO 3 [112] , NiO, ZnO, Al 2 O 3 , and MgO [114, [118] [119] [120] . Effects of conductivity enhancement were also reported for hetero-interfaces (as in Fig. 7(b) ) in the grain boundary of composites materials such as in nanometric ionic conductors mixed with insulating materials, indicating that SCL can become the dominant factor in the overall electrical properties [114] . However, as also shown in Fig. 8 , in oxygen conductors this is mainly due to the presence of mixed carriers' population, e.g. rise of e´defects with dominant n-type conductivity, rather than an increase of oxygen ionic conductivity [117] . High conductivity is indeed very desirable but the presence of the electronic conductivity is detrimental for several applications, where pure ionic conductivity is needed, e.g. in electrolytes. For such mixed ionic-electronic conduction effects, it becomes indeed relevant how ionic currents and electronic currents can be distinguished experimentally. A control of the electrical properties of SCL-interfaces, e.g. by reducing the electronic and enhancing the oxygen ionic carriers, is therefore desired. A way to tune the SCL is in principle possible and it lies in varying the chemical nature and the dielectric properties of the materials at the interface.
At the simplest level of the analysis, the importance of the actual extension of the SCL, lays in its contribution to the total conductivity in the MeO interface as reported by Maier et al., in the concept of Btrue-size effect^in nanoionics materials [91] . The range of influence of the SCL is defined by the Debye length (i.e. the extension of the red area in Fig. 8 ) which is the Bthickness^of the charged-layer contributing to the conduction at the interface. The Debye length is generically expressed by the Debye-Hückel formulation [121] :
This equation is commonly used to describe the SCL in materials with N different species of charges, where the i-th species have carries charge q i , and concentration, n i . Therefore, charging arises in SCL naturally and can be described by the thermodynamic factors of the defective lattice Fig. 8 Schematic representation of the SCL layer (red) and related charge profile according to the Mott-Schottky model [72, 88, 92] when the charges are distributed in a medium characterized only by their permittivity, ε r ε 0 [121] . On the other hand, the Debye length also depends on the Bnatural^charges q i present at the lattice. Charges due to defects, dopants, impurities at the lattice can thus interact with the charges at the core within the SCL by creating a net electrostatic potential, Δϕ(x), across the SCL field (in the x direction perpendicular to the core, where x = 0 is the disorder core). Such electrostatic field created at the interface is the key to influence the charge distribution of the SCL [95] . With respect to this, it is worth mentioning that Eq. 2 indicates that the overall charged species contribute to the SCL equally, regardless the sign of their charges (q i 2 ). Moreover, the thickness of the SCL, λ D, is more pronounced at reduced temperature and for intrinsic conductors with lower defect concentration, n i , than in the case of extrinsic (doped) materials [83] . The relation between SCL and charges are often simplified by the relation λ D ∝ n -1/2 and a typical ionic conductor such as YSZ at 700 K, has λ D of ca. 20 nm [83, 110] .
SCL-properties and engineering
Despite the apparent simplicity of the SCL model, this model has been successful in describing the conductivity enhancements in the several experimental cases, i.e. especially those of pure metal oxides which are dominated by intrinsic ionic conductivity and present homogeneous dielectrics [95] . However, other experimental evidences often indicated rather different behaviour than expected by Eq. 2 deviations from the Bideal case^are usually due to the high sensitivity of the interface properties to factors such as, lattice strain, phase changes, dislocations and vacancy association, impurities, interaction effects of electrons and ions, segregated dopants, which often accompany the interfaces and can influence the charge distribution locally [111] . Interestingly, the same factors can be potentially used to tune the SCL electrical properties.
An example of the actual complexity of SCL formation in nanoionics was raised by Maier [95, 113] , Tschöpe [117] and Tuller [122] for nanometric CeO 2-x polycrystalline systems with naturally disordered interfaces. For nanometric polycrystalline ceria with grain size below ca. 50 nm the SCL conductivity becomes dominant [122] . Maier et al. also showed that dopants (or impurities) can increase the thickness of the SCL to λ* > λ D , depending on the electrical potential at the core interface (i.e. Δϕ(0)), extending the effect of the SCL on the electrical properties. This was ultimately expressed by the equation [113] :
Conversely to the λ D (Eq. 2), which is exclusively determined by bulk parameter, Eq. 3 indicates that even in acceptor doped conditions (i.e. extrinsic conductors), for which λ D is small, the actual SCL is wide because Δϕ(0) is large, e.g. caused by the effect of the uncompensated charges segregated at the core interface [113] . In this case, the conductivity for ceria interfaces can be formalized in the Mott-Schottky type model, which assumes that the dopants are immobile while the counter majority of the charge carriers (e.g. V O ••) is depleted from the SCL. In such conditions the dopant profile is assumed to be constant and the conductivity along the interface can be expressed as [113] :
where F is the faraday constant, μ i is the individual charge mobility, L is the total thickness of the materials and n i is the concentration of the different species (i). The charge profile calculated for CeO 2-δ has positive carriers, i.e. V O •• (and h•), and negative charges (n-type polarons) that are formed and accumulated at the SCL to compensate the highly oxygen defective interface core. The importance of this study especially lays in showing, and formalizing, that accumulation of dopant and impurities can modify the electrostatic interactions and thus the net Δϕ(x). This is also confirmed by experimental evidences for nano crystalline of highly doped zirconia showing that electrical properties are strongly influenced by chemical contaminations which alter the distribution and mobility of the charges at the interface [83, 95, 110] .
The electrical configuration of the SCL can be therefore changed by doping the interface, tuning the microstructure, or even by using preparation methods which can affect the charge carrier's concentration profile at the interface [95, 112, [123] [124] [125] [126] .
Among all of these possibilities, the dopant segregation at the interface is probably the most researched one. Several examples are reported in literature for polycrystalline doped ceria, YSZ and for thin film hetero-phase interfaces such as La 2/3 (Ca/Ba) 1 [127] in the concept of Belectrostatic inversion^of the SCL. This consists in accumulating negative defects at the disorder interface to reverse the sign of the electrostatic field at the interface Δϕ(0), i.e. negative dopant charges vs positive oxygen vacancies naturally accumulated at the disordered core. The concept was developed in nanometric-CeO 2 thin films with columnar grains by doping CeO 2 heterogeneously with NiO and Gd 2 O 3 [127] . Such material was produced as thin film with vertical intercolumnar grain boundary which resulted segregated with the acceptors (Ni +2 and Gd
+3
). The acceptor at the columnar interface enriches the SCL accumulating highly mobile oxygen vacancies. Litzelman et al. indicate that while the SCL inversion concept works at low temperatures, it is difficult to stabilize it at high temperatures, where a counter diffusion of the positive charges readily hinders the SCL charge inversion [127] . Despite such limitations other more recent works indicated encouraging results. In recent work, Yang et al. [128] proposes a similar concept with Sm-doped CeO 2 /STO-nanopillars thin film which forming charged aligned interfaced leading to fast ionic conductivity at the doped ceria pillars. Other interesting effects were observed in LSMO thin film micro-electrodes with columnar grain boundaries, where fast oxygen transport at the grain boundary is introduced into the dominantly electronic nature of LSMO, giving net mixed ionic-electronic conductivity (MIEC) properties to the thin films [129] [130] [131] . In this case, a possible effect of elemental segregation, e.g. of Sr 2+ , toward the core could lead to highly mobile oxygen vacancies accumulation at the near-interface [131] .
Beside the electrostatic nature of the SCL, other factors can potentially influence the electrical properties at disordered interfaces. SCL formation in extensively disorder interfaces, such as in amorphous thin films with thick core (i.e. high Δϕ(x)), is a possible topic which, however, remains nearly unexplored [95, 132] . Purely disordered interfaces with measurable features are difficult to be stabilized at high temperatures. On the other hand, recent results on O 18 diffusion in semi-coherent strained YSZ thin films deposited on MgO and Al 2 O 3 single crystals indicated no change in oxygen transport with respect of the relaxed films on the same substrates [133] . For this kind of semi-coherent thin film and for other cases reported here, several questions are still open: Is there a possible interaction between SCL formation and stain effects at disordered interface and in semi-coherent thin films? What is the net strain for the disordered domains which undergo local distortions due to dislocations and/or vacancies association? What is the role and how the dopants and contaminants are actually distributed and contribute at the SCL in such materials?
These questions are relevant especially for those films thicknesses below the Debye length, where SCL formation could overlap with the strain at the lattice due to the mechanical constrain at the substrate and/or by the residual stress created at the deposition stage.
Effect of lattice strain in coherent and semi-coherent MeOs interfaces
Over the years, deposition of highly epitaxial MeOs thin films allows engineering of ionic materials by creating artificial interfaces with high degree of structural order, allowing an effective confinement of the layers and repetition of the MeOs interfaces in the same film. Using these interfaces controlled approach, Maier et al. created highly conductive multi-layer e.g. of BaF 2 / CaF 2 heterostructure. Using this approach, fast ionic (F − ) conductivity is achieved by the repetition of the BaF 2 /CaF 2 interfaces at a constant total film thickness in Bartificiallyn ano-confined thin films of 20-50 nm with significant different interfacial SCL properties due to Btrue-size effect^ [116] . This effect however has not been yet observed in oxygen conductors MeOs heterostructures, where it would be otherwise of high relevance seeing from the application point of view. On the other hand, there are indications that interfacial strain effects occurring in epitaxial heterophase interfaces can lead to a decrease of the oxygen ions migration barriers [134] .
Different forms of lattice strain can occur at the epitaxial interfaces. Figure 9 shows two typical cases of interfacial strain in epitaxial films: (1) elastic strain in highly coherent interface (Fig. 9 left) and (2) plastic strain in semi-coherent interfaces (Fig. 9 right) . In the coherent interface case, the crystalline order is maintained by matching similar lattices with similar atomic spacing and the formed elastic strain extends over a few atomic layers, while above this distance the structure relaxes (Fig. 9 left) [135] . In this case the Bpure elastic^strain can be tuned by using materials with tailored lattice parameters to optimize (minimize) the mismatch.
On the other hand, a large lattice differences between two materials can result in Bplastic^lattice disorder with formation of defects to accommodate the differences (Fig. 9 right) [136] . Some examples of such defects are linear dislocations, vacancy-dopant associates with localized lattice strain which are the result of atomic peening generally occurring to reduce the high interfacial energy [137] . This is the case of large mismatch e.g. between the substrate and the film in which the occurrence of dislocations occurs during thin films growth to accommodate the large mismatch form semi-coherent lattice with mosaic spread aligned domains, resulting in columnar-like grains growth. For semi-coherent interfaces, tuning the strain is difficult because the lattice mismatch is directly translated into disorder which eventually leads to grain boundaries and thus relaxation of the near lattice as well as in a possible formation of local SCLs (see Fig. 9 right) . The semi-coherent case is further complicated by the fact that columnar grain boundaries are anisotropic oriented in the direction perpendicular to the substrate plastic strain effects. Therefore, dislocations, amorphous domains and vacancies associations at the near-interface lattice are difficult to be measured because they confined in few atomic layers from the interface.
The simplest case is thus the elastic lattice strain factor in highly coherent systems, where, unless charge accumulations effects are expected, the highly ordered interface does not allow charges segregation, inhibiting the SCL formation, and the Bpure^strain effect became dominant [134] . However, clarifications are still needed and some results remaining still controversial [121, 134, 138, 139] .
For the formalization of the Lattice Strain interface, a simplified and empirical approach to analyse it in epitaxial materials is used: the lattice mismatch, f, of the matching interatomic distances d khl , is calculated by the following equation:
The biaxial strain parallel at the interface plane, ε xy , and ε z refers to the out-of-plane direction. The mismatch between two metal oxides with coherent interface is usually small, often below 5-6 % and it nearly corresponds to the ε xy in the materials at the interface [134] . In a rather simplified fashion, however, the lattice mismatch and the corresponding strain are considered as Bstatic^parameters: the calculation of f is often based on lattice parameters values taken at room temperature. This assumption does not consider that Bdynamical^factors can also play a role in the actual interface strain. Such factors may include:
-The substrate surface may undergo distortion before deposition and thus f is not representative of the actual strain at the interface. -Different thermal expansion coefficients and the strain changes with temperature, i.e. f(T). -The effect of strain on conductivity is generally measured in thin films at different thickness ranging in few tens of nanometers. However, the true effect of elastic lattice strain is expected to be very limited over few atomic layers from the interface because the lattice relaxes with thickness: calculations and experiments show that for thin films of metal oxides such as CeO 2 and ZrO 2 , MgO, Al 2 O 3 , STO, etc., the effect of elastic strain decays exponentially in the out-of-plane direction, while for films above 100-200 nm, relaxation take place and the lattice strain is no longer dominates [134] . -As formulated in Eq. (5) the strain refers to the pure elastic domain, where the lattice does not undergo Bplastic^d eformation and maintains its symmetry. Rearrangement of the lattice and relaxation are indeed also possible at the interface by point and extended defect formations, phase transitions, chemical interactions and element interdiffusion. These effects can occur, especially at high temperatures, where ionic conductivity is generally pronounced. For example, it is known that the Young's modulus in YSZ is a function of temperature due to the point defect formation at high temperature [140] .
-In thin films, dopants and impurities tend to diffuse towards interfaces and boundaries at the deposition stage or as effect of thermal treatments. Dopant with different cation size can further strain the lattice changing locally the lattice parameter.
These factors are often neglected in the analysis and can give uncertainty while the phenomenology can result incoherent.
The great interest in the elastic lattice strain arises from experimental results and theoretical calculation indicating fast ion conductivity in strained metal oxides structures. In one single case, a 7-order of ionic conductivity enhancement in YSZ/STO was reported [141] which, however, proven to be induced by a p-type electronic contribution due to the STO interlayers rather than enhanced ionic conductivity of the strained YSZ [139, [142] [143] [144] . The key factors for enabling fast oxygen transport in strained lattice have been discussed in a growing number of publications describing the combined electro-chemo-mechanic effects on oxygen ion conductivity via both biaxial and isotropic strain [145, 146] . Particularly, De Sousa et al. employed static lattice simulations to examine the effect of isotropic and biaxial strain on the migration of oxygen vacancies in fluorite-structured ceria. These findings indicate that strain can considerably alter the defect formation energetics, enhancing extrinsic ionic conductivity by a several orders of magnitude [147] . Using a model based on the elastic properties of YSZ, Schichtel et al. estimated an increase of 2.5 Fig. 9 Schematic representation of effect of lattice strain at the materials interface in the case of high coherent epitaxial growth (left, elastic strain) at low lattice mismatch ( f ) and semi-coherent interface (right, plastic strain) at high f orders of magnitude in the ionic conductivity of YSZ at 7 % isotropic tensile strain [148] . By Monte Carlo-based calculations on YSZ, Kushima and Yildiz [149] identified competing processes acting on oxygen diffusivity upon applied strain: for low isotropic tensile strain (up to 4 %), oxygen diffusion could increase by 3.8 orders of magnitude at low temperatures due to the fact that the migration barrier is reduced by 0.4 eV. While, for strains higher than critical values (6-8 %) the break and reforming of oxygen bonds can decrease the diffusivity as a result of plastic relaxation leading to lattice disorder increasing the migration barriers. For compressive strain, Hirschfeld and Lustfeld used DFT with Nudged Elastic Band (NEB) calculations applied to oxygen ion migration barriers in zirconia and showed that the migration energy increases under compression to a maximum value and than decrease under expansion [150] . On the other hand, potential anisotropic 2D strain conditions under which the migration barrier strongly decreases, giving fast ionic conductivity, were also identified by theoretical calculation and simulated in a few cells of YSZ [151] .
Other theoretical studies and reviews report the results of theoretical calculations and experimental observations for the plastic strain in the film, introducing thus disordered features such as grain boundaries, defect-dopant/impurity associates and dislocations [109, 131, 145, [152] [153] [154] [155] . Ab initio calculations on Y-doped CeO 2-δ lattice, by Burbano et al., show a modest enhancement of the conductivity in isotropically strained bulk and even lower enhancement was estimated in bi-axially strained thin film with anisotropic strain configuration [152] . Korte et al. [134] analysed the influence of elastic strain in columnar thin films by an analytical model based on biaxial mechanical strain caused by lattice mismatch and elastic deformation along the columnar grain boundaries. The analysis was carried out by considering a variety of experimental results and concludes that changes in interface transport are mainly occurring in extrinsic ionic conductors caused by strain as well as by the formations of misfit dislocations or disordered transition regions [134] . However, the picture becomes more complex when dopants, anisotropic strain and lattice disorder effects overlap. The role of materials' interfaces/grain boundaries on the anion conductivity using static atomistic simulations on ZrO 2 /CeO 2 and ThO 2 /CeO 2 interfaces was conducted by Aidh et al. [153] , showing key interface issues of oxygen vacancy migration barriers at interfaces in the absence and presence of dopants, and oxygen vacancy-dopant binding energies at interfaces. The simulations suggest that the concept of strain prevails in the absence of segregated dopants [153] . Shi et al. [145] have recently discussed the thermodynamical factors, which can have an impact on the conductivity of nano-crystalline Gd-doped ceria (CGO, Ce 0.8 Gd 0.2 O 1.9-δ ), in light of experimental results on self-standing and supported nanocrystalline thin films, showing a clear correlation between compressive strain (ca. 2.7 %) and increase of oxygen activation energy (+ 0.27 eV). In another recent paper, Sun et al. simulated the effect of dislocations in bulk doped ceria, concluding that dislocations can lead to associative effects around dislocations that slow ion transport via oxygen vacancies [154] .
Bpure^elastic strain and lattice tuning
Phenomenologically, the large variety of microstructures, substrates and thicknesses of films make a clear analysis very difficult with conclusions often contradictory. For example, epitaxial YSZ films on various substrates and microstructures are reported to exhibit oxygen ion conductivities varying by more than 3 orders of magnitude, depending on substrate, presence of dislocations, elastic strain in the film or heterostructure configuration [109, 131] Only a very few reports consider the pure strain case, free of Bplastic^effect of disordered regions, such as dislocations or grain boundaries. Li et al. [155] studied YSZ comparing highly coherent YSZ/Gd 2 Zr 2 O 7 and YSZ/CeO 2 heterostructures where dislocations are present. The study suggested that the relaxation of elastic strain brought about by dislocations does not enhance ionic conductivity [155] . This is, however, in contrast with Sillassen et al. [156] on semi-coherent 58 nm thick epitaxial columnar YSZ films on MgO which shows 3.5 orders of magnitude enhancement in ionic conductivity, that does agree with the quantitative predictions of Kushima and Yildiz [149, 157] . For this experimental case, Sillassen et al. [156] proposed a superposition of two parallel contributions to the conductivity -one due to the bulk and the other to the film-substrate interface, indicating a transition temperature of 350°C, where low energy contribution from the interface is dominating over the Bbulklike^YSZ conductivity.
In our previous work, we proposed a comparative and systematic study of pure elastic strained interfaces in highly doped CeO 2 and YSZ. In Kant et al., we used highly coherent CGO thin films of 250 nm on buffered MgO(001)/STO substrates to evaluate the effect of strain in a highly coherent interface using several thicknesses of a STO buffer (10, 20 and 50 nm) [158, 159] . Figure 10 shows schematically how modulating the thickness of the buffer layer is used to tune the strain at the STO/CGO interface [160] .
The use of the STO buffer layer on the MgO(001) substrate allows the preservation of the structural coherency throughout the structure due to the low mismatch f MgO/STO < 1.1 % from a nominal value of 9.1 % for the MgO/CGO film. On the other hand, the different thicknesses of the STO (001) create a differential strain effect at the STO lattice, which decreases with increasing the thickness and can be Bpropagated^to the CGO thin films, creating a tailored mismatch Δf STO/CGO from 0.6 to 1.9 %. While the bulky nature of the CGO film (250 nm) allowed excluding any contribution form the STO buffer, the transport measurements indicated that the in-plane ionic conductivity in the CGO films were enhanced by one order of magnitude due to the induced strain of ca. 2 %. In Sanna et al., we proposed fine tuning of strain in highly coherent Sm doped Ceria (SDC)/YSZ heterostructures: a) by using a STO buffer layer on MgO substrates to preserve the lattice coherency during deposition [160] , and b) by varying the thickness and number of layers at the SDC/ YSZ multilayer to propagate the strain at the interfaces [161] . We have observed in these experiments a moderate effect of tensile strain at the interface in thin film extrinsic conductors, with an enhancement of oxygen ionic conductivity just below 2 orders of magnitude. The experiments also showed limited electronic contribution in thin films below 5 nm, implying that forming coherent hetero-interfaces with controlled lattice strain and dominant ionic contribution is indeed feasible for thin films with thickness below the Debye length if highly coherent [160, 161] . In a more recent paper, Korte et [103, 162] . In this case, however, the presence of grain boundaries in the film opens the question about the effect of local strain relaxation. This is especially important due to the fact that disordered phase boundary in CeO 2 /YSZ heterostructures showed no conductivity effects despite high nominal tensile strain of up to 5.2 % [163] . For the compressive strain, Schweiger et al. used a micro-electrochemical device based on a CGO/Er 2 O 3 multilayer microdot that allowed modulation of the strain by more than 1.16 % by varying the number of individual layers from 1 to 60 nm while keeping the microdot at a constant thickness [164] . Electrical measurements showed that the activation energy of the devices could be altered by 0.31 eV and that the ionic conductivity decreased by one order of magnitude as a result of the compressive stress [164] . Figure 11 summarizes schematically the effect of strain in coherent and semi-coherent epitaxial interfaces for metal oxide oxygen conductors, including experimental results and theoretical calculations for biaxial strained metal oxide interface for YSZ and doped CeO 2 , both as single thin film and hetero-structures.
Applications and novel concepts of MeOs interfaces
Beside the efforts done in the search to increase the ionic conductivity, other concepts have been developed in engineered thin films by manipulating the MeOs interfaces. Chen et al. [165, 166] used Ce 1-x Pr x O 2-δ (PCO, e.g. x = 0.1) epitaxial thin films as MIEC electrode to form tunable chemical capacitance: the oxygen deficiency (δ) of PCO was varied by controlling the oxygen content in the gas phase (pO 2 ) up to a value of pO 2 > 2 atm [165] . This concept was especially proved in a CeO 2 -Ag/YSZ/PCO solid state cell configuration, where the YSZ (electrolyte)/PCO (working electrode) interface resulted quickly charged/discharged accordingly to the oxygen stoichiometry in the thin film [164] [165] [166] [167] . Fast chemical reduction in PCO thin film was attributed to possible strain effects and to aligned columnar grain boundaries in the semi-coherent structures which can rapidly charge and discharge the capacitor [165] .
Similarly, accelerated electrodes kinetics is another example when thin film and interfaces can play a role [167] : La 1- Fig. 10 Schematic representation of the buffer concept used to preserve the epitaxial coherency at the thin film and tune the interface strain * [160] x Sr x CoO 3-δ (LSC) and LSMO, used as dense epitaxial thin films electrodes on YSZ electrolyte, showed oxygen faster chemical diffusion and adsorption-desorption than in the bulk form. The reason for such enhancement in the oxygen activity is still under discussion while the factors seem to be mainly related to a chemical segregation of the dopant, nanoconfinement and possible strain effects measured at the thin film interfaces [111, 168, 169] .
In our recent work, we illustrated an alternative way to use metal oxide ionic conductor interfaces in engineered heterostructures. This was done by exploring a different concept of multi-phase materials where interfaces are used to stabilize the cubic delta-phase Bi 2 O 3 ionic conductor [170] . The δ-Bi 2 O 3 phase has the highest known oxygen vacancy conductivity, with σ > 1 S cm −1 at T > 900 K [171] and it can be stabilized by dopants with high polarizability [172] . However, its chemical stability in low oxygen partial pressure atmospheres, i.e. pO 2 < 10 −20 atm, is poor and can easily react with other solids and gases, preventing the use of the material in practical applications [171] . Vikar [173] , ESB) and CGO, by pulsed laser deposition (PLD) on diverse substrates. The multilayer architecture is assembled at the atomic level (layer thickness~2.7 nm) with highly coherent interfaces, no strain effects in oxidative condition exist at the interface, and it is engineered to preserve the highly ionic conductive δ-Bi 2 O 3 -phase in the CeO 2 lattice. The resulting superlattice is a composite ionic conductor, stable over a wide range of thermodynamic conditions, usually forbidden for the δ-Bi 2 O 3 phase [174] . Interestingly, the multilayer thin film material shows phase stability only for bismuth layers that are thinner than 10 nm and uniformly separated by CGO layers. This demonstrates that the Bprotective effect^of the stable material is effective only for a confinement at the nanometric scale. Conversely, for thick ESB layers the material seems to degrade, since it is exposed to the low pO 2 gradients at the CGO side. The nature of the lateral conductivity of such materials also presents some interesting features: (1) in oxidative conditions the heterostructure exhibits superior properties to GDC, with σ x-y > 0.1 S cm −1 for T > 500°C; and (2) at low oxygen partial pressure (dry 9 % H 2 /N 2 , 10 −32 < pO 2 < 10 −22 atm) the material showed an unexpected behaviour with an abrupt enhancement in conductivity by two order of magnitude while preserving the same phase during the transition. Interestingly, the electrical properties across the transition were found to be stable and reversible without any traces of hysteresis during heating and cooling cycles. Investigation of different thickness ratios showed that this effect is more pronounced for samples with extremely thin CGO layers (only a few unit cells). Thick ESB films above ca. 10 nm degrade as also observed earlier for the bulk case [173, 176] .
Another feature occurring at the interface of such heterostructure was found of great interest and it could be related to the unexpected electrical performances observed in this multilayer. Ceria is known to undergo chemical expansion (i.e. ε x-y-z ) under reducing conditions, with a change in volume which, depending on the temperature and pO 2 conditions, can reach 2 % of the oxidized volume [177] . Such an effect is mainly driven by the change of size of the Ce-cation from Ce +4 (0.907~Å, 8-fold cubic) to Ce 3+ (1.01 Å in 6-fold octahedral). The effect of the chemical expansion at the CGO layer in the ESB/CGO heterostructure is therefore expected to occur under reducing conditions and, due the high coherency of the materials, also be propagated into the ESB layer via the CGO/ESB interface. This phenomenon is schematically represented in Fig. 12 as ε x-y (the ε z at CGO also occurs, but it possibly does not influence the interface). Unfortunately, the net strain at the ESB/CGO interface is difficult to estimate because the chemical expansion of ESB under reducing condition remains unknown. However, large concentrations and high mobility of oxygen vacancies are expected in Bi-oxide under tensile strain. This is possible also by considering the variety defective configurations observed for Bi 2 O 3 that possesses several phase transformations, order-disorder transitions and easy oxygen vacancies displacements [178] . Measuring the conductivity vs. pO 2 for constant temperature of 923 K and different number of interfaces (See Fig. 12 ) indicates an anomalous increase of the ionic conductivity. The magnitude of this increase is directly related to the number of interfaces. These observations suggest a sort of dynamic interface effect that, triggered by thermochemical factors, activates defects in the ESB thin layer. This can potentially be used to increase the conductivity, which, however, in this form would be accompanied by electronic Ce 3+/4+ polaron hopping (see results in Fig. 11 ). This nano-confinement of unstable but high performant conductors represents a novel concept which, as also recently proposed for other defective oxides [91, 92, 101] .
On the parallel track, a similar concept was also developed and demonstrated by Rupp and co-workers, who defined for the first time the potential of using multi-layered Er 2 O 3 /CGO thin film as electro-mechanochemical devices by fabricating a multi-layered Bmicrodot^with tuned electrical resistance which precisely depend on the strain effect at the MeOs interfaces [164] .
Outlook
The examples featured in this part of the article demonstrate the importance of ionic oxide in the nanometric scale. We highlighted that the conduction paths is influenced by the local chemistry at the interface i.e. space charge layer and the effect of elastic lattice strain. Fundamental insight into oxide-ionic conductivity along the grain boundaries and the interfaces is a key technological important, particularly when the dimensionality decrease i.e. as in thin film form. The greatest challenge for future is concerning disclose superior electrical properties at MeOs interface towards new combination of materials in heterostructure and multilayers. Furthermore, moving from the bulk to the 2D interface, call for the question is whether it will be possible to unleash interfacial effects in more complex geometries coupling 2D, 1D (nano-wire) and 0D (nanodots) in nano-systems with new unexplored properties and/or even in ionic Bnano-circuits^with multiple functionalities? This could open up the possibilities to obtain further exciting fundamental results and new designs for all-MeOs devices.
Enhancements in thin multilayer oxide conductivity have been observed by several groups while a pure ionic conductivity increases have been also observed to be much more modest in other groups, so it is intriguing to understand the actual boundaries of the strain on the origin of the ionic conductivity and a clarification on the actual contribution of the electronic component? The experimental development of layer-by-layer growth and the scaling down of the size of the system can have a significant influence on these systems and advanced characterisation tools to analyse these effects are needed. Especially, when comparing between electronic and ionic conductors, the length scales of the system is substantial different for electronic and ionic carriers. This has been shown by our recent results and also open the way to the discovery of new unusual artificial ion conductors. Finally, thin film and interfaces, apart form their technological application, without any doubt will generate in the future more interesting phenomena as the size of the system decreases and different lengths scale will come into play.
Overall summary
Oxide electronic and ionic systems are interesting in that they hold the promise of novel phenomena due to the unique nature of the electronic and ionic states involved. Among these, oxide heterostructures and hetero-interfaces are of particular significance in creating new and novel interfacial properties often not seen in their bulk counterparts. In this paper we describe how interfacial contiguity between materials can trigger a wide variety of opportunities offered by the interfaces of oxide metals thin films such as being able to control the charge and the mobility of the electrons and ions at the interfaces, the ability to modulate the charge at the interfaces by applying electric field at the back side of the sample, the so called, resistive switching which applied both for electrons and ions, the observations of quantum phenomena at the interfaces and the ability to stabilized otherwise not stable phases using the concept of Bstructure confinement^. Our recent results, examining strain effects at interfaces, demonstrate the potential of achieving heteroepitaxial thin films with superior ionic or electronic properties. We also present a novel concept that uncovers a wide variety of possible technological opportunities for materials design utilizing ionic conducting multi-layered heterostructures. These findings hold the potential to pave the way for novel and/or superior all-oxide electronic and ionic devices.
Finally, understanding the origin of the electronic and ionic conductivity at the interface can open novel ways to design and fabricate future miniaturized devices such as field effect transistors, low temperature fuel cells, gas sensors etc. all of which can be based on both ionic and/or electronic conductivity. In this review we have illustrated new findings and Fig. 12 Schematic representation of ESB/CGO multilayer, where interface tensile strain is possibly activated by chemical of CGO, leading to an abrupt increase in total conductivity [170] approaches in this exciting area of ionic and electronic interfaces and outline some of the challenges and scientific questions that remain open and need further attention. Maybe the most important technological question which still remains to be answer is: Can our current understanding of the ionic and electronic conductivity of these oxide interfaces allow us to design materials where we can tune the ionic and the electronic conductivity simultaneously and preferably at room temperature? It is a question that we do not yet have the tools to answer yet. We hope that this review will stimulate new methods for manipulating thin films and interfaces in order to achieve new and yet unknown properties of materials.
